The above intriguing findings in the CGC analysis of terthydroxylated steroids prompted us to investigate a more suitable and reliable CGC derivatization procedure for their analysis. This paper presents an improved method for the precolumn derivatization of a variety of structurally different polyhydroxylated bile acids and sterols containing one or two tert-hydroxyl groups.
Experimental

Materials
Almost all of the steroid samples were from our laboratory collection, which include new and natural tert-hydroxylated steroids recently synthesized in our laboratories. 6, 7 The silylating reagents, trimethylsilyl triflate and triethylsilyl triflate, and 2,6-lutidine, were available from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). All other reagents and solvents used were of analytical reagent grade and used without further purification.
Derivatization of bile acid methyl esters and sterols with trialkylsilyl triflate
To a magnetically stirred solution of a steroid (5 µg) dissolved in dry CH2Cl2 (300 µl) with ice-bath cooling, 2,6-lutidine (100 µl) and then trialkylsilyl triflate (50 µl) were added stepwise by a syringe, and the mixture was stirred at room temperature for 2 h. After the reaction, the organic layer was washed with water and dried with anhydrous MgSO4. An aliquot of the supernatant liquid was injected into CGC, together with an internal reference compound (C38).
was fitted with an Ultra ALLOY-1 (HT) stainless-steel capillary column (30 m × 0.25 mm i.d.; film thickness, 0.15 µm) (Frontier Lab. Ltd., Koriyama, Japan) coated with chemicallybonded and cross-linked non-polar dimethylsiloxane and operated under the following conditions: linear velocity of carrier gas (helium), 30 cm/s; make-up gas flow-rate, 60 ml/min; splitting ratio, 1:50; injection port, detector and column oven were maintained at 300, 300 and 280˚C for TMS ethers and 340, 340 and 320˚C for TES ethers, respectively.
Gas chromatography-mass spectrometry
Electron ionization-mass spectra (EI-MS) were obtained on a JEOL Model JMS-Automass 150 quadrupole mass spectrometry (Tokyo, Japan) interfaced to a Hewlett-Packerd Model 5890 Series III gas chromatograph. A cross-linked dimethylpolydisiloxane fused-silica capillary column (DB-1, 30 m × 0.25 mm i.d.; film thickness, 0.25 µm) (J & W Scientific, Folsom, CA, USA) was inserted into the ion source through a direct inlet, and operated under the following conditions: ionization energy, 70 eV; emission current, 300 µA; mass range 4 -1000 a.m.u.; injection port, column oven and ion source were kept at 280, 300 and 180˚C, respectively. Figure 1 shows the substrates examined in this study, which include a wide variety of 5β-cholane (11 -23; as the C-24 methyl ester) and 5α-cholestane (27 -33) series of steroids possessing one or two tert-hydroxyl groups at the C-5, -14, -17, -24, and/or -25 positions in the molecules. For a comparison, the CGC behavior of analogous bile acids (1 -10) and sterols (24 -26) having only several sec-hydroxyl groups at the C-3, -4, -6, -7 and/or -12 positions was also examined under the same derivatization and CGC conditions. Each of the derivatized CGC peaks was identified by GC-MS (see below).
Results and Discussion
It is well recognized that both prim-and sec-hydroxyl groups in steroids are readily transformed into their complete trialkylsilyl ether or acyl ester derivatives without difficulty. 8 However, little is known about the reactivity of a tert-hydroxyl group, except for that of some ecdysteroids toward the silylation and esterification reagents. 4, 5 Thus, the precolumn CGC derivatization of ecdysteroids required a carefully controlled process, because of the different rates of derivatization, particularly for the position and stereochemical configuration of tert-hydroxyl groups present in the molecules. Meanwhile, we have recently revealed that the reactivity of tert-hydroxyl groups in steroids with HMDS/TMCS/Py, BSA/TMSI/TMCS and DMESI decreases in the following order: 25 > 24 > 5β > 17α > 14α. 3 The use of acetic anhydride, trifluoroacetic anhydride, dimethyl-iso-propylsilylimidazole, N-methyl-N-(tertbutyldimethylsilyl)-trifluoroacetamide or flophemesylchloride as common precolumn derivatizing reagents 8 often gave multiple CGC peaks arising from a mixture of the fully-and partially-derivatized compounds.
Recently, successful use of trialkylsilyl trifluoromethanesulfonate (trialkylsilyl triflate, CF3SO3SiR3), a highly powerful silylating reagent and a strong Lewis acid in organic synthesis, 9, 10 for the regioselective derivatization of ouabain, 11 prompted us to examine in detail the reagent in the precolumn CGC derivatization of compounds 11 -23 and 27 -33. Of various trialkylsilyl triflates, clean TMS etherification of the compounds was attained by using the least bulky trimethylsilyl triflate [CF3SO3Si(CH3)3] in the presence of 2,6-lutidine in CH2Cl2 and afforded a single CGC peak with a theoretical shape, when each of the derivaization products was measured on a non-polar dimethylsiloxane column at 280˚C. The use of 2,6-lutidine as an alkaline catalyst was essential for TMS etherification. 9 The retention data for compounds 1 -10 without tert-hydroxyls by trimethylsilyl triflate were in good agreement with those reported previously by HMDS/TMCS/Py reagent system. 2, 3 TMS etherfication with trimethylsilyl triflate proceeded smoothly under mild conditions at room temperature for 2 h. No multiple peaks arising from the acid or thermal elimination products were observed in each of the chromatograms (measured at 280˚C); in addition, ketene O-methyl O-trimethylsilyl acetals (silylenol ethers) or 2-trimethylsilylcarboxylates of the C-24 carboxylic acid esters in the side chain of 1 -23 were not also formed, 10 as evidenced by the GC-MS analysis. An only exception was imperfect TMS etherification against compounds 16 -18, in all of which 14α-hydroxyl group was completely shielded 3, 5 to give the corresponding underivatized products.
The treatment of tert-hydroxylated steroids with more bulky triethylsilyl triflate [CF3SO3Si(CH2CH3)3] and 2,6-lutidine also usually gave the corresponding complete TES ethers as a single product. As expected, the more bulky TES ethers were eluted much more slowly compared to the corresponding TMS ethers under the same CGC conditions, and separation of individual analogous isomers was much improved depending upon the number, position and stereochemical conformation of the hydroxyls (Fig. 2) . However, the use of triethylsilyl triflate had several drawbacks. Thus, etherification product of 14α-hydroxy compounds (16 -18) 3 gave a single peak, which was identified by GC-MS analysis as the respective ∆ 8(14) -unsaturated compounds. 12 On the other hand, 17α-hydroxy compounds (19 - 23, 28 and 33) by triethylsilyl triflate afforded multiple CGC peaks arising from a mixture of a partially-or fully-derivatized TES ethers, together with their respective 17α-elimination products (∆ 16 and/or ∆ 17 (20) ) by GC-MS, 10 probably owing to a steric hindrance and an elevated column temperature of 320˚C. Table 1 compiles the CGC retention data for the examined compounds (1 -33) , which are expressed in terms of the relative retention times (RRT) and methylene unit (MU) values. The ∆[Um]E-M values, which are defined as the differences in the MU values between the completely-derivatized TMS and TES ethers for the same compounds, are also listed. The structures of each of the CGC peaks were confirmed by GC-MS. Table 2 gives the major fragment ions that appeared in the electron ionization-mass spectra (EI-MS) for the representative CGC peaks.
When the ∆[Um]E-M values were plotted against hydroxyl group number (Fig. 3) , two regression lines with a good linearity, expressed as y = 2.62x + 1.33 (n = 18, r = 0.967) and y = 2.89x + 2.09 (n = 10, r = 0.957), were obtained for 5β-cholane and 5α-cholestane series of steroids, respectively. The data imply that the addition of one hydroxyl group in a steroid molecule produces ca. Continued the substrates can be deduced from the regression equations. In other words, if the observed ∆[Um]E-T value of the CGC peak in an unknown steroid deviates considerably from the regression line, it must possess a free tert-hydroxyl group or its elimination product. Particular attention should, therefore, be paid for 14α-and 17α-hydroxylated steroids, as mentioned above.
In conclusion, a suitable CGC derivatization was developed for a wide variety of polyhydroxylated steroids containing terthydroxyl groups. The method, which involves the combined use of trialkylsilyl triflate (especially trimethylsilyl triflate) and 2,6-lutidine, may be of wide utility for the determination of secand tert-hydroxylated steroids. 
